In this paper we present a method for making strategic decisions in New Product Development (NPD) projects based on risks. In NPD the complexity of the process depends both on the nature of the design problem and the difficulties associated with managing the project (activities, risks). To design a complex product several different teams, having different competencies, work on the project. Not one among them controls the entire process. The interactions between product subsystems in NPD often lead to technological arbitration between alternative solutions In selecting one solution over another, the risk management concerns and the overall project plan are affected. Therefore, the objective is to give the project manager the means to evaluate the effects of strategic decisions, including those that influence the selection of technological solutions for the project plan as well as those for risk treatment strategies. We propose an integrated process that comprises design, project management and risk management. It takes into consideration the design activities and risk activities to generate a design project planning where design activities and risk activities are folded into the overall design project plan. During the process of project design two different types of strategies are required: one relates to the problem design, the other to the assessment of project risks. Each strategy leads to different possible scenarios. We present a decision tree that shows the decision steps and possible project scenarios. A generic decision support system is proposed. We demonstrate its applicability by applying it to a satellite design project.
Introduction
With rapidly changing markets and technologies, today companies developing technological objects face a constant challenge. For these companies, future success often requires that they offer increasingly complex innovative products. Complexity is difficult to manage not only at the product design stage [1] , but also in the organization of the project design and in process control.
We have observed that a growing number of highly dynamic companies, in areas as diverse as aeronautical, automotive, and pharmaceutical, find themselves in a constant state of transition. They are frequently required to update their standard products and at the same time must never cease in their attempts to develop new and innovate products. To meet this requirement, the company managers must master the design process both as it applies to exploration and to exploitation [2] . If there is an emphasis on exploration, then there will be increased demands on a company's ability to innovate. As design projects require exploration, the more the innovation level is high, the more the number of undesirable events is potentially high. These events also called risk are characterized by probability of occurrence and impacts on the project objectives.
The effects of risk are measured according to the criteria of classic project management especially cost and time. The proposed approach is original since it allows studying the influence of the selection of technologies and the associated risks on the project. To assist the decision maker in selecting one technological solution and the risk treatment strategies, we propose a model integrating the risk management with the design phase. In such situations, this combination strengthens the ability of the "rationally limited" decision maker to identify satisfactory solutions.
In this paper we outline a process for making strategic decisions in New Product Development (NPD) projects according to risk. Our objective is to give the project manager the means to evaluate the effects of decisions including those that influence the selection of technological solutions as well as those for risk treatment strategies. We consider an example of incremental innovation where the project team makes use of its knowledge on different parts/subsystems of the system and the corresponding risks.
First, we characterize different design processes. Then we present different models used to manage design complexity. We show that a Systems Engineering model reduces the complexity in product design. A multi-level system decomposition helps to clarify technical or organizational problems. We provide a flow chart that illustrates the processes leading to arbitration management in a design project.
We present an overview of the links between activities under the purview of the Project Manager, we propose a model which shows how the processes of design, project management and risk management are unified. We present a methodology and show its applicability in a specific case.
Project risk management in Product Design 2.1 Product Design
In the literature a number of different models have been proposed for exploitation and exploration projects:
Design project models based on exploitation develop a variant of a known product, using predefined specifications and established skills. Design projects are based on pre-specified models: e.g. the single-step waterfall model which does not present the feed-back possibility [3] ; Pahl and Beitz model [4] with iterations requiring costly and very long development time [5, 6] . The project is structured in a number of sequential and linear steps [7] . When one of the process steps becomes blocked, it is necessary to reinitialize the previous step or even to (re)launch the entire process. Organizational structures that develop this type of exploitation project are characterized by detailed and formalized projects and processes; specialized departments focused on the strict division of work.
There are two types of Design models based on exploration:
Systems Engineering was developed by NASA to handle the growing complexity of space systems. In such systems engineering cases, where interdisciplinary collaboration is required, then specific coordination problems and risks can arise. There are two requirements in the need to control exploratory projects: one is the parallelization of tasks, the other is the use of different models (e.g. activity-based model and Vee system model). These models have the advantage of: (1) dividing a system into modules [8] distributed in different layers: from the system level to individual components ( Figure 1a ) [9] ; (2) developing the solution by organizing the project into interrelated subprojects, often represented with the "V-cycle" (figure 1b); (3) transferring the design effort to the oversight level of the design process. This implies that managers and designers become able to guarantee the performance of the design process and to anticipate or prevent major risks of future projects.
[Insert Figure 1 here]
The nature of the interactions between subsystems often leads to a series of conflicts requiring arbitration. This arbitration process can lead to a redefinition of the initial functions, of the product's initial requirements, or even a redesign of the organization (activity structure) of the project design. A design project implies strategic choices (Figure 2 ).
[Insert Figure 2 here] Either the designers find a way to chose between possible solutions (arbitration) or the managers find solutions to the unresolved contradictions [10, 11] . At first, arbitration implies that they must select one solution from a set of known solutions. Arbitration may thus lead to a compromise situation. On the other hand if requirements lead to contradictions that exclude arbitration, two situations can be envisaged: -the contradiction is insurmountable; this can lead to a redefinition of the design project itself.
-the solution does not exist at the beginning of the design process. Radical innovation overcomes contradictions leading to an extension of the solutions space.
Applying this model means: (1) verification of requirements at different stages of the design process leading to a validated solution; (2) identifying and analyzing in details the contradictions using systems engineering tools; (3) overcoming contradictions as they appear during the design project.
Each design solution implies different risks that must be taken into account in project management.
Project risk management
In the literature, the risk management methodologies refer to a standard process presenting the well-known steps: risk identification, risk evaluation and quantification, risk mitigation for treatment and/or impact minimization and risk monitoring [12, 13] . Tixier et al. propose a classification of sixty-two existing approaches [14] . They sort methods depending on whether they are deterministic and/or probabilistic, and also whether they are qualitative or quantitative. Within the context of a project, a risk occurrence may introduce: (1) the modification of existing tasks related to the risks influencing on duration or cost. (2) the modification of the project structure by risk treatment strategies. This therefore impacts the project planning: cost and duration. The specificities of the project context are: the notion of uniqueness, the notion of limited horizon (different milestones and contractual commitments), and the notion of a multi-expertise environment (different actors). Several academic research works propose methods to complement the different phases of the global approaches, such as the optimisation of different criteria during the schedule or after the identification phase [15, 16] . In parallel to these global approaches, several authors propose methodologies to manage the risk in projects. Gourc et al. [17] propose a reading grid of the risk management approaches as follows: the symptomatic approach and the analytic approach. The first group of approaches, called risk-uncertainty, is associated with approaches where project risk management is transformed into project uncertainty management [18] using the Monte Carlo simulation method [19] . The second approach family considers risk as an event that can affect the achievement of the project objectives [20] . Risk is described as an event, which has occurrence characteristics (potentiality to occur) and consequence characteristics on the project objectives (impact in the event of occurrence). The risk level also labelled criticality is then obtained by multiplying the probability of the event and its impact [21] . Project management and risk management processes are generally presented as independent. Each process is described with precision but the interrelations, which may exist, are never shown. The hypothesis of independence between risk process and project planning process being overly simplistic, Pingaud and Gourc [22] propose a project management approach based on a synchronised process of project schedule and risk management. Nguyen et al. propose the method ProRisk, supported by a software tool (available online at http://prorisk.mines-albi.fr) that assists in modelling and evaluating the impact of risks on the project cost and the schedule cost [23] . They define the concepts of risk scenario, treatment scenario and project scenario. This approach uses the synchronized processes proposed by Pingaud and Gourc [22] .
The project management of new product development (NPD) is well-known for its reference to the innovation. Risks are intrinsic in NPD in all industries [24] . Thus firms need to take initiatives to reduce risks that are related to NPD. The risk management framework should integrate the three most important risk factors that affect NPD performance: technology, marketing, and organization [25] . In NPD management, decision-makers have to choose exclusively one orientation as strategy development according to a global risk level tolerance. As an answer, decision trees (DT) are regularly used in the literature on decision [26] . DT is a structure that represents decision problems with exclusive and competing solutions. It makes it possible to find optimal solutions to short-time dynamic decision problems [27] . Based on decision variables, decision tree allows managers to choose one way and to react within this way in front of events. To increase the efficiency of innovation, the link between the selection of innovative technological solution and the modification the project structures has to be made.
Proposed development
In this work, we focus on the decision making process in design project management and risk management by analysing the consequences of the risk "as an event" in the exploratory design project.
Literature review about design project gives us a focus on the means to decompose projects in macro activities that are classically used to plan. A process synchronizing the project schedule and risk management allows for the planning and integrating of the risks and their treatments [22] . The use of DT permits us to formalize the successive decisions made by a decision maker.
Little account is taken of the risks and the strategies to deal with the selection of the technological solutions and their repercussions on the design project. Moreover, there is no tools helping the project manager evaluate the solution of the project design problem and its consequences on (1) the risks and their associated treatment strategies, (2) the planning of a design project.
By taking into account the fact that well-managed risks related to the technological solution lead to better NPD performance [28] , our objective is to propose a complete framework helping decision-makers to decide innovation and risk treatment strategies. Our approach should facilitate the decision-making processes by creating links between project management, risk management and design management and by showing the consequences of technological solutions on the planning and on the risk (the risk itself and its treatment). This process allows us to view the consequences of the decisions: when a technological solution is selected, what happens to the associated risks and what effect do these changes have on risk treatment strategies and the project schedule?; When a risk prevention strategy is decided, what would be the consequences for the technological solution and for the project schedule?; and when a plan is created, what are the consequences for the technological solution and for the risk management?
The various possible scenarios and their evaluations will be presented to the project manager. A decision process will make it easier to find the appropriate technological solution and the needed risk treatments.
Assumptions
The proposed model is based on three main assumptions.
-Integration of risk into the project management can affect the duration and the cost criteria for the project. The considered impacts (modification or suppression of an existing task or insertion of a new task for example) influence the project duration and cost.
-The resource aspects, such as the available skills, are not considered for the moment in the model.
-When the decisions for treatment strategy and technological solution need to be made, the tasks list and the risks list are known. The risks and their characteristics are identified and listed since an approach such as the Delphi method has been previously applied [29] . This method helps risk managers characterize the risk dimensions (the impacts and probabilities are rather subjective). It uses different anonymous questionnaires for eliciting experts' opinion to reach a consensus. The risk assessment step can require gathering a significant amount of data. Data gathering may require considerable time. This work does not attempt to develop any tools to improve the data collection method.
At any time, the objectives of the model are (1) to analyse the possible scenarios, (2) to evaluate the global risk level, i.e. the global risk level represents the chance for the project to satisfy commitments, (3) to select the best treatment strategies.
Formalization of the decision process in design project
At the first step of the Vee-cycle, the need for the proposed product is analyzed. Different technical solutions provide possible answers to the same functional need. The first decision at the end of the need analysis is to select the solution that will be developed during the design project. In Figure 3 , we represent this decision by the square D1. Typically, several options are possible. In the Figure 3 , three technical solutions (A to C) are possible.
[Insert Figure 3 here] For each one of these solutions, it is possible to draw up a plan using the Project Planning Process (noted PPP in Figure 3 ). This is part of the synchronized process described in [22] . Based on the selected plan the Project Manager (PM) has to organize the treatment of the risks over the design project. In that way, the decision, noted D2
(A to C) in the Figure 3 , consists in choosing the preventive risk treatment strategy in the project for the chosen technical solution. The Risk Management Process (RMP in Figure 3 ) is performed to identify the risk treatment and the PPP is developed a second time to plan the risk treatment tasks as well as to integrate others modifications to the plan. These two decisions are made in the preparation phase of the project.
The PM has also to plan the possible project development. In that way the chance node E characterizes the possible occurrence of risks. For each possible set of occurrences, D3
(A to C) represents the decision of corrective strategies that could be carried out during the whole design project (from the requirement specification phase to the validation phase). D3 is planned during the preparation phase in order to meet the occurrence of risk during the project running phase. D3 is supposed to reprocess the RMP and the PPP as well as to integrate new information and to obtain the final planning.
The decision tree, in Figure 4 , gives a complementary view of the succession of decisions. The example concerns the choice of the technical solution A in D1. The PPP is then developed. The second decision (D2 A ) selects the risk treatment strategy. For all the decisions, the RMP has to be developed followed by a second cycle of the PPP (PPP' in Fig 3) . Then, for all the possible sets of risk occurrence, the last decision (D3 A ) concerns the corrective risk treatment strategy. D3 A gives a planned and global vision of all the possible corrective risk treatments that will be carried out for the duration of the design project. A second cycle of the RMP and a third cycle of the PPP are required (RMP' & PPP" in Fig 4) .
[Insert Figure 4 here]
Objectives
When different possible projects are studied to satisfy the same need, the repercussions on the risks are rarely anticipated in the classical approach. The project manager has to consider the profitability of each technological solution, but also the consequences with regard to the risk level. A technological solution that incorporates the required functional needs must be selected. The selection is a multicriteria problem. When the project manager makes the decision, the number of criteria used to evaluate the proposal is often reduced to the main ones: the cost, which is a sensitive and finite resource, and the duration, which traditionally is a matter of contractual commitment. These criteria are not totally independent. In this study, to be able to handle the potential contractual cost overruns and delays, as well as the probability that different events occur, choices must be made in order to characterize project scenarios. The decisions then are based on an analysis on the analysis of criticality. is also characterized by its period of occurrence, i.e. the tasks during which the risk can occur. It has a probability proba(Ri ts ) (the probability that the event related to Ri ts occurs) and impacts in costs CI(Ri ts ) and/or in duration DI(Ri ts ) on a task. This task can be different from the period of occurrence. These probability and impact are also called initial probability and initial impact. The initial impact allows consideration of the fact that the task is running in a graceful degradation.
Data
A risk scenario ScRs ts corresponds to a combination of the risks that are considered as occurring during a project P ts . A project presenting n risks leads to 2 n risks scenarios. Then ScRs ts (s=1,...,2 n ) is a possible achievement with k risks (0≤k≤n) and the total number of risk scenarios, presenting k of the n identified risks, is equal to n!/k(n-k)!. It has a probability proba(ScRs ts ) (the probability that the events related to this risk scenario occur and that the other risks do not occur). , a being the number of identified treatment actions. A treatment action can be materialized by a task to achieve and it can introduce three types of modification to the WBS: (a) addition of a new task, which generates a new action to be implemented; (b) suppression of a task from the initial schedule. The risk is reduced by suppressing a task from the schedule; (c) modification of an existing task.
A treatment strategy is a preventive strategy if it contains at least a preventive treatment action. Otherwise, it is a corrective strategy. If the strategy consists in running no action at all, it is noted as being an empty set such as Ø (i.e. graceful degradation).
The treatment actions can be common to several risk treatment strategies. 
The cost of a project scenario is noticed C(ScPp ts ). It includes the cost of the T ts tasks that constitute the initial planning of the project, the ScRs ts and the chosen ScTp ts and (6) The Global Cost GC initial (Ri ts ) of the occurring risks that are not treated by the treatment strategies. It includes the cost impact that is composed by a fixed part of the total cost (materials, tools, parts, etc.) and by an indirect cost that depends on the action duration, through the Delay Impact, and the actors charge. (7) and its reduced repercussions on the project cost and duration. (8) The cost of the treatment strategies StTij ts that is determined by the cost of the action is composed by a direct cost (materials, tools, etc.) and by an indirect cost that depends on the action duration and on the actors. 
Resolution approach
In the preparation phase of a project, the technical orientations and the way of managing risks need to be selected. This has to be done both for the planning and for the ability to respond to events as they occur during the running phase. The approach we propose uses data relative to the project in its classical view: the different tasks are planned, the risks identified, and the associated treatments prepared. This approach also uses data relative to technical solutions and their modifications: namely consequences for the tasks and consequently for the risks and treatment strategies. The data should be collected on the basis of expert knowledge concerned by the project. Therefore, our method includes input data provided by the schedule process (management team) and from the risk management process;
The main approach has two phases: (1) the construction of the Decision Tree (DT), from the first decision node to the leaves, (2) the resolution of the DT by working backward method.
The construction of the DT
The generation of the DT consists in building the set of possible project scenarios in light of the identified risks and risk treatment actions and their evaluations for each technological solution studied. The project scenarios are the leaves of the tree. To evaluate the different possible project scenarios, the management team needs to generate an initial schedule for each technical solution, without integrating the notions of risk and risk treatment. Depending on the difference between the technical solutions, the outcomes can be rather similar or rather different.
It is then necessary to calculate the different risks and treatment scenarios. These scenarios allow the set of the project scenarios to be constructed. Finally, when the project scenarios are known it is possible to determine the times and costs in each case. This approach based on ProRisk, proposed in [23, 30] , is then used to generate ES ts . The probability calculation method for each project scenario differs, depending on whether the project scenarios contain a treatment strategy or not. For each project scenario, the calculation the probability, the cost and the duration take into account potential modifications induced by the achievement of treatment strategies at the schedule level. Once the initial schedules have been adapted in accordance with the studied scenario (modified duration, tasks added or removed), the project scenario duration is computed using the PERT method and the earliest starting dates.
The resolution of the DT
The backward method's resolution consists in studying the effects of the different decisions from the leaves to the root of the tree (i.e. from D3 to D1 in Fig 4) . Through the use of this knowledge it is possible to become proactive. Therefore, the number of steps of this phase depends on the number of decisions in the DT: 3 for the problem under consideration.
Step (1) consists in finding for each branch of the DT, the best D3. In each branch, D1 and D2 are known and the best D3 can be determined. D3 s the decision that selects the corrective strategies associated with each ScRs ts . They are selected in order to avoid scenarios that would not be possible in the reality, i.g. the scenario where the project is stopped waiting for a corrective action, the scenario presenting a NoGo situation, or the scenario that would be far from acceptable. D3 is made by choosing the corrective strategies that minimize Cr(ScPp ts ) for all the leaves of the tree.
Step (2) D2 is the second step that composes the selection phase. D2 determines the preventive treatment strategy that is the most adequate for each technical solution. It is made for each studied design project knowing the best D3 made for all the branches. D2 helps to avoid the worst possible cases (project scenarios) as defined by the Savage's criterion often used in decision-making theory [31] . Minimizing the maximum criticality (also called in a similar context regret) can, when the assessment of each scenario is known, measure the regret that the decision-maker would have if he had preferred one action over another. D2 is made by choosing the preventive strategies that minimize Crmax(ScPp ts |ScTprev ts ), ∀ts knowing the selections realized in D3.
Step (3) D1 is the selection of the best technical solution based on its design project. The project management team wants to maximize the chance of meeting the commitments. D1 consists in selecting the technical solution that maximizes the number of possible ScPp ts respecting the contracted duration and cost.
Application in the satellite industry
Initially, the different data sets have been characterized by experts referring to their experiences but were slightly modified for confidentiality. The project scenarios go from the needs analysis to the time when the satellite reaches its final orbit.
Presentation of the satellite design project
The application case, developed here to illustrate this research work, considered the development of a small satellite for a scientific mission, based on a different platform. The platform would carry out a predetermined useful load of scientific / technological instruments. Two technological solutions can potentially been used to develop the platform: (A) a classical one using ergol liquid for its propulsion to reach its final orbit following its launch. (B) an innovative solution, completely electrical with a motor using xenon gas ionised and accelerated with the electrical energy provided by two photovoltaic panels.
The second solution allows for a reduced load as the ergols and their associated structures are eliminated: the final weight of the satellite is reduced nearly by half. This then allows for lighter satellites with the same carrying capacity. Therefore, the cost of the launch can be divided by up to two since two satellites can be launched with the same booster rocket. The inconvenience of this low power solution is that six months are required for the satellite to reach its final orbit.
The selected solution would go through the different phases of the Vee-cycle. Table 1 presents the phases of the projects for both solutions.
[Insert Table 1 here]
The phase durations are presented in Time Units (TU) with a fixed rate and their costs in Monetary Units (MU). Conflicting requirements complicate the project. For example, the need for high onboard power (>100 W), a low satellite mass (<120 kg), a low volume (<1m3), a long life time (>2 years)… There are risks associated with either of the two cases as contractual commitments of 37 TU and 44 MU for this part of the global satellite project have been established. Different risks were identified during the project. A shortlist has been selected for the application case and is presented in Table 2 . This list permits to respect the confidentiality of the industrial data and the relevance of the risks for the sake of the demonstration.
[Insert Table 2 here]
Their associated cost is a fixed cost that is added to the one based on the new task duration. Possible treatment strategies characterize them (Table 3 ). The impacts of one risk are judged as infinite since the costs and delays will continually increase until an action is decided. NC (Not Changed) means that the strategy does not modify the impact of the risk. As an example, the risk R4, expresses the anomaly observed during the material integration on the satellite (error of wiring, systems presenting default...). If such a risk occurs, the production is immediately stopped until a strategy is implemented. Then two strategies are possible in both versions of the project: a preventive one and a corrective one. StT41 A and StT41 B , consist in carefully checking the actual components constructed by the subcontractor as both the manufacturer and the subcontractor carry out the reviews, auditing etc. If it did not completely eliminate the risks, it reduced their probability of occurrence by 10%. The cost of these actions is estimated at 2 MU for planned modifications that are not located on the critical path. StT42 A and StT42 B aim to modify the material or the software when problems are observed. Such a strategy costs 1 MU and makes the satellite unavailable for 1 TU. If (R4) occurs even if a preventive strategy has been carried out, it is still possible to develop the corrective strategy. However, only its duration will be taken into account, since the cost will be supported by the suppliers.
[Insert Table 3 here] Table 4 presents the results obtained with this approach. The first column shows the different technical solutions. The second column gives the possible preventive strategies. Ø means that the preventive strategy consists in undertaking no action. The third column presents the number of project scenarios containing the previously mentioned preventive strategies. The column entitled "% Pertinents" refers to the percentage of pertinent project scenarios. Those scenarios, labelled non-pertinent, in which one or more risks occurred are inapplicable. These projects are stopped without any corrective strategies despite the presence of possible preventive strategies. Then a corrective strategy should have be applied. The next column presents the maximal criticality among the pertinent scenarios. Still, among the pertinent scenarios, the last column shows the percentage of scenarios that respect the contractual commitments. The variant that maximizes the number of project scenarios in the agreement zone is presented in bold in the last column of Table 4 . This result means that by choosing the solution A and by applying no preventive treatment strategy, 66% of the pertinent project scenario respects the contractual commitments. Based on these results, the recommendation to the project manager would be simple: choose solution A and apply no preventive strategy.
Results and discussion
Concerning the method, the universe of the events that may happen during a project is important. Their characterization and the characterization of their effects necessitate having and manipulating a large quantity of information. It is one of the elements that confer to our model a proximity to reality. Therefore, it is necessary to have and to be able to manipulate this information if we want to explore the set of the possible futures for large project, in order to assist the decision maker. Then, the need to characterize possible futures for the project leads necessarily to build a model rich in information.
The results of the application case have been presented and discussed with industrial partners. The approach presenting successive steps of planning and risk integration is representative of their reality. These decisions proposed following the approach were consistent with their perceptions of what were the best decisions in the studied context. The application case is simplified for the sake of the demonstration. The approach is flexible since it can be used in a different context.
[Insert Table 4 here]
Conclusions and Perspectives
In NPD the interaction between the subsystems of the product often leads to conflicts requiring arbitration between alternative solutions. To choose the best technical solution and to determine the optimal risk treatment strategy in the preparation phase of a project is often quite complex, especially when the project should deliver a product presenting technological innovation. If the benefit of such a solution is easy to evaluate qualitatively, then each possible solution potentially developed through the design project generates different planning needs, different costs, durations as well as different risk levels. To estimate the risk level for each project variant, we propose an approach to model and evaluate the impact of risks on the project cost and the schedule cost. This approach uses the synchronized process principle and takes into consideration the repercussion of the project structure modifications on risks and the global risk level. We use the concepts of risk scenario, treatment scenario and project scenario to characterize and evaluate the project solutions. We illustrate the principles of our approach through an application case from the aerospace industry. This methodology analyses the possible scenarios, evaluates the global risk level and selects the best treatment scenarios at any time. An estimate of the global risk level of each solution can be made and gives a vision of the possible scenarios: from the least to the most probable, from the most disastrous to the most optimistic. We have developed a software tool that illustrates this process. As the occurrence of a risk can modify the project, in this new context, the remaining risks can change and new risks can occur. Most of the different project risk analysis methods study risks under the hypothesis of independence between risks. However, interdependencies exist between risks and can influence risk evaluation. Few research works treat model risk interdependency [32] . The main perspective for this research work is to examine the influence of previously occurring risks as initialized through the model proposed in [33, 34] . The integration of human resource constraints into the model, as well as the limiting availability of resources that can be shared over several projects represent a variety of interesting perspectives. 
